Binary TiO 2 /SiO 2 and SnO 2 /SiO 2 nanoparticles have been synthesized by feeding evaporated precursor mixtures into an atmospheric pressure diffusion flame. Particles with controlled Si:Ti and Si:Sn ratios were produced at various flow rates of oxygen and the resulting powders were characterized by BET (BrunauerEmmett-Teller) surface area analysis, XRD, TEM and Raman spectroscopy. In the Si-O-Ti system, mixed oxide composite particles exhibiting anatase segregation formed when the Si:Ti ratio exceeded 9.8:1, while at lower concentrations only mixed oxide single phase particles were found. Arrangement of the species and phases within the particles correspond to an intermediate equilibrium state at elevated temperature. This can be explained by rapid quenching of the particles in the flame and is in accordance with liquid phase solubility data of Ti in SiO 2 . In contrast, only composite particles formed in the Sn-O-Si system, with SnO 2 nanoparticles predominantly found adhering to the surface of SiO 2 substrate nanoparticles. Differences in the arrangement of phases and constituents within the particles were observed at constant precursor mixture concentration and the size of the resultant segregated phase was influenced by varying the flow rate of the oxidant. The above effect is due to the variation of the residence time and quenching rate experienced by the binary oxide nanoparticles when varying the oxygen flow rate and shows the flexibility of diffusion flame aerosol reactors.
Introduction
Nanoparticles have attracted the attention of an increasing number of researchers from several disciplines in the last decade. Their extremely small size is responsible for the different properties (electronic, optical, electrical, magnetic, chemical and mechanical) compared to their bulk and micrometer-scale counterparts, and makes them suitable for novel applications. Various kinds of pure oxide nanoparticles are already being produced on an industrial scale and silica (SiO 2 ) is one of the major products (Wegner & Pratsinis, 2003a) . Silica-based nanocomposites and multicomponent nanoparticles have generated much interest as they have the potential for improved performance when compared to the single-component nanoparticles.
The combination of SiO 2 with titania (TiO 2 ) represents a novel class of material that has attracted much attention in recent years and has been extensively investigated for a wide range of applications: catalysts (Stark et al., 2001 ) and supports for a wide variety of chemical reactions that possess enhanced thermal and mechanical stability due to SiO 2 while preserving the catalytic performance of TiO 2 (Srinivasan et al., 1994; Dagan et al., 1995) , protective coatings on stainless steel against oxidation and chemical attack (Atik & Zarzycki, 1994) , antireflective coatings for optical glasses (Yu-Zhang et al., 1994) , glass materials with low thermal expansion coefficients (Zhu & Kosugi, 1996) and high refraction indices (Song et al., 1998) and fillers in polymer composites for photonic crystals (Miyamoto et al., 2004) . Depending on the desired application of the final product, the Si-O-Ti system offers the opportunity to control the arrangement of the components, that means to form either TiO 2 /SiO 2 composites or mixed oxide Si-O-Ti phases. In other words, there arises a unique opportunity to derive structures and compositions with individually tailored physico-chemical reactivity and properties. For example, for low thermal expansion glasses containing less than 12 wt% TiO 2 in SiO 2 , complete mixing (i.e., the formation of Si-O-Ti linkages) is desired (Schultz, 1976) . However, in optical wave guide applications, phase-segregated regions enriched in TiO 2 improve the fatigue resistance of the optical fiber by preventing the propagation of cracks (Backer et al., 1991) .
Tin dioxide (SnO 2 , stannic oxide, cassiterite) is a semiconducting material of considerable technological importance with many applications such as solar cells (Niles et al., 1993) , gas sensors (Cox et al., 1998; Kennedy et al., 2000) and conductive substrates (Ishida et al., 1993) . Owing to the large surface of SnO 2 nanoparticles, they have the tendency to aggregate and reveal a weak thermal stability, which strongly affects their application. Binary oxides of SnO 2 /SiO 2 have been shown to overcome this disadvantage (Feng et al., 2003) . Materials combining SiO 2 with tin dioxide shows improved sensor performance (Popova et al., 2004) and bases for immobilization of electroactive species for use as electrochemical sensors (Carturan et al., 1995) . Addition of tin oxide to SiO 2 increases the surface area of resulting composite oxides and enhances the catalytic activity for dehydration reactions (Salas et al., 1997) . Special interest in studying the SnO 2 /SiO 2 system arises from the high UV photosensitivity of the material (Canevali et al., 2001 ) which allows the realization of several optical devices, mainly based on the principle of fiber Bragg gratings (Brambilla et al., 2000; Chiodini et al., 2001 Chiodini et al., , 2002 .
Common methods applied to prepare TiO 2 / SiO 2 mixed oxides and composites are sol-gel hydrolysis (Anderson & Bard, 1995) , co-precipitation (Stakheev et al., 1993) and flame hydrolysis (Hung & Katz, 1992) . Of these, sol-gel hydrolysis is the most widely used method. In sol-gel processes, domain formation due to the differences in the hydrolysis and the condensation rates of Ti-and Si-alkoxides was identified to be a major problem in the preparation of mixed oxides (Aizawa et al., 1991) . Though the two-stage hydrolysis, which is performed under acidic conditions seems to have overcome this problem and results in the best Si-O-Ti connectivity and the highest homogeneity (Miller et al., 1994) , the low crystallinity of the product powder and impurities associated with the wet-chemical process still remain an open issue.
Powder synthesis in the gas phase is carried out either by reaction of precursor gases (gas-toparticle conversion), or by evaporation and/or reaction of suspended precursor particles or droplets (particle-to-particle conversion) in a gas stream (Pratsinis & Vemury, 1996) . Gas-to-particle conversion routes, such as atmospheric pressure flame aerosol processes, permit particles to be built from molecules all the way up to the desired size and allow to create complex chemical structures combined with good crystallinity, which is useful in producing multicomponent materials at relatively low cost compared to vacuum synthesis routes and enable continuous production, while wet chemical or milling processes are often performed in a batch form (Kodas et al., 1989) .
Hung and Katz (1992) studied the formation of SiO 2 /TiO 2 particles in a counter flow diffusion flame burner with in-situ characterization of the particle size. The effects of temperature and the Si:Ti concentration ratios on particle morphology were investigated. Depending on the precursor concentration, titania particles with varying
